Abstract: Ramon (Brosimum alicastrum) is a forest tree native to the Mesoamerican region and the Caribbean. The flour obtained from Ramon seeds is 75% carbohydrate, of which 63% is starch, indicating its potential as a novel raw material for bioethanol production. The objective of this study was to produce ethanol from Ramon flour using a 90 • C thermic treatment for 30 min and a native yeast strain (Candida tropicalis) for the fermentation process. In addition, the structure of the flour and the effects of pretreatment were observed via scanning electron microscopy. The native yeast strain was superior to the commercial strain, fermenting 98.8% of the reducing sugar (RS) at 48 h and generating 31% more ethanol than commercial yeast. One ton of flour yielded 213 L of ethanol. These results suggest that Ramon flour is an excellent candidate for ethanol production. This is the first report on bioethanol production using the starch from Ramon seed flour and a native yeast strain isolated from this feedstock. This alternative material for bioethanol production minimizes the competition between food and energy production, a priority for Mexico that has led to significant changes in public policies to enhance the development of renewable energies.
Introduction
The continued depletion of fossil fuels and the need to reduce greenhouse gas emissions to mitigate global warming have generated an increasing worldwide interest in alternative energy sources [1, 2] . For this reason, the biofuel market has shown exponential growth in global production in the past decade [3] . Among biofuels, bioethanol is the most frequently used, with a 2016 worldwide production of 26,584 million gallons [4] . USA and Brazil are the major producers, generating 87% of global bioethanol [3] .
To avoid conflicts arising from designating land for food or energy production, the search and characterization of inedible energy crops with a low requirement of agricultural management is important [5] . The availability of local raw materials is also an important issue that must be addressed when assessing feedstock viability [6] . In this regard, one alternative starch source is the Ramon tree
Materials and Methods

Raw Material
B. alicastrum seeds were collected from different locations in the State of Yucatan, Mexico. Each seed coat was removed manually. Then, the seeds were dried in a convection oven (Binder, Fed model 115 ® , Tuttlingen, Germany) at 70 • C for 72 h, after which they were stored in a desiccator until milling. The flour was obtained according to methodology described by Perez-Pacheco [8] . The starch content was determined as per the method described previously by Holm [12] and protein content was determined in accordance with Association of Analytical Chemists (AOAC) methods for proteins (920.87) [13] .
Scanning Electron Microscopy (SEM)
To study the microscopic structure of the flour and the effect of pretreatment, a scanning electron microscope (SEM, model JSM-6360LV, JEOL, Tokyo, Japan) was used. Flour samples were mounted on a metallic stub using double-sided adhesive tape coated with a 15 nm gold layer and observed at 20 kV.
Analytical Methods
Reducing sugar (RS) concentrations were determined in the hydrolysates and during fermentation by the 3,5-dinitrosalicylic acid method [14] . The sample absorbance was measured at 550 nm. For ethanol quantification, 25 mL of fermented sample was diluted with 25 mL of distilled water and distilled at 100 • C until 25 mL of distillate was recovered. Gas chromatograph (GC) analysis was carried out in a PerkinElmer Clarus 500 gas chromatograph (PerkinElmer, Waltham, MA, USA) equipped with a Flame Ionization Detector. An EC-WAX capillary column (30 m × 0.32 mm ID (Internal diameter) × 0.25 µm film thickness, Alltech) was used. The carrier gas was N 2 at 7 psi and 80 mL min −1 . Temperature conditions were 50 • C for 1 min, a 35 • C min −1 ramp to 70 • C for 10 min., and a 35 • C min −1 ramp to 100 • C for 7 min. Injector temperature was 150 • C and the FID detector temperature was 200 • C. The sample injection volume was 1 µL. The external standard technique was used for quantification of ethanol. The results were considered statistically significant if p < 0.05 using Tukey's test. All of the statistical analyses were performed using SPSS 16 ® (SPSS Inc., IBM, Armonk, NY, USA). All experiments were conducted in triplicate.
Enzymatic Hydrolysis
A suspension of Ramon flour (100 mL, 20% w/v) in sodium phosphate buffer (0.1 M) was prepared and heated to 90 ± 2 • C for 30 min in a water bath recirculator (Polyscience ® , model 9505, Niles, IL, USA) with constant agitation at 20 rpm. The samples were cooled to room temperature and used straightaway in a liquefaction process.
Liquefaction
The pH of the flour suspension was adjusted to 6 with an alkaline solution of KOH (1 N). Then, 60 ppm of Ca 2+ was added in the form of calcium chloride in addition to 0.075 U of α-amylase enzyme (a-7595 Sigma-Aldrich ® , St Luis, MO, USA) per gram of starch present in the flour in accordance with Barquera [15] . The mixture was homogenized, placed in the water bath recirculator and incubated at 85 ± 2 • C for 1 h with constant agitation at 25 rpm.
Saccharification
The suspension obtained from the liquefaction was adjusted to pH 4.5 with Hydrochloric acid (HCl) (1N). Then, 0.36 U amyloglucosidase enzyme (A-7095, Sigma-Aldrich ® ) was added per gram of starch present in the flour and incubated at 60 ± 2 • C for 24 h with constant orbital agitation at 100 rpm on a MAXQ™ 4000 Benchtop Orbital Shaker (Thermo Scientific, Norcross, GA, USA). After saccharification, samples were taken to measure the reducing sugar levels [15] .
Yeast Strains
Candida tropicalis (PL1) was isolated from the pericarp of the B. alicastrum fruit. It was characterized by phenotypic and molecular tests [14] . Commercial Saccharomyces cerevisiae was obtained from Safmex S.A. de C.V. (Toluca, México). Both yeasts were maintained in tubes with YPD (yeast extract; peptone and dextrose) medium containing yeast extract (5 g·L −1 ) peptone (10 g·L −1 ) and dextrose (20 g·L −1 ). The inoculum of both strains was prepared in YPD supplemented with ammonium sulfate (1.5 g·L −1 ) as a nitrogen source and incubated with orbital agitation at 30 ± 2 • C for 6 h. In all cases, the inoculum used had a concentration of 3 × 10 7 cell mL −1 .
Fermentation Conditions
Fermentation was performed in cotton stoppered 150 mL-Erlenmeyer flasks, under limited anaerobic conditions, with 40 mL of hydrolyzed flour, and 10 mL of water at an initial concentration of 77.18 g·L −1 of RS. The pH was adjusted to 4.5, and 1.2 mL ammonium sulfate (1 N) was added. Two mL (4% v/v) of inoculum were added to each sample and incubated at 35 ± 3 • C for 48 h in a drying chamber (Binder, Fed model 115 ® , Tuttlingen, Germany) without agitation. The fermentation product was centrifuged at 4000 rpm for 20 min, and the supernatant was collected for distillation, 25 mL of fermented sample was diluted with 25 mL of distilled water, and distilled at 100 • C, until 25 mL of distillate was recovered. All of the tests were repeated three times.
Results and Discussion
Flour obtained from Ramon seeds exhibited a particle size between 0.425 and 0.600 mm in diameter and 12% in moisture. This flour contains a high proportion of starch (61%) and 12.24% total protein. The starch content is similar to the main sources of starch used for biofuels, including cereals (60-80% starch), legumes (25-50% starch), tubers and roots (60-90% starch), and green and immature fruits (as much as 70% starch) [16, 17] . The main crops used are sorghum, wheat, cassava, potatoes, and sweet potatoes [16, 18, 19] , in addition to maize, which is the most widely-used starch Energies 2017, 10, 1574 4 of 10 crop for bioethanol production and has a starch content ranging from 60 to 85% depending on the variety [20] [21] [22] .
Scanning electron microscopy images showed a large amount of starch granules embedded in a protein matrix (Figure 1a ), which might act as a barrier during the amylolysis of starch granules [23, 24] . Martin and Lopez [25] suggest that these granules provide resistance to enzymatic activity, as they are tightly packed by intra-and intermolecular hydrogen bonds in a polycrystalline state, making them resistant to enzymatic treatments. Figure 1a shows different (spherical, elliptic, and truncated) starch granule shapes, which agree with those reported for starch granules from different sources such as potato, cassava, and chestnut [26, 27] . In Figure 1b , the spherical shape of a starch granule with dimensions of 15 × 15 µm is depicted, which agrees with the shape reported by Pérez-Pacheco et al. [8] , the first to study Ramon flour starch. They observed that Ramon starch granules have an oval to spherical shape with diameters ranging from 6 to 15 µm. are tightly packed by intra-and intermolecular hydrogen bonds in a polycrystalline state, making them resistant to enzymatic treatments. Figure 1a shows different (spherical, elliptic, and truncated) starch granule shapes, which agree with those reported for starch granules from different sources such as potato, cassava, and chestnut [26, 27] . In Figure 1b , the spherical shape of a starch granule with dimensions of 15 × 15 μm is depicted, which agrees with the shape reported by Pérez-Pacheco et al. [8] , the first to study Ramon flour starch. They observed that Ramon starch granules have an oval to spherical shape with diameters ranging from 6 to 15 μm. 
Enzymatic Hydrolysis
The effects of heating the flour suspension are shown in Figure 2b , in which a modification of the protein matrix enhanced starch granule release compared to that in the untreated flour (Figure 2a) , in which granules were trapped and clustered in the protein matrix. The majority of released granules maintained their structure, even though we used higher temperatures than those used by Chen et al. [28] , who reported that hydrothermal treatment at 62 °C induces changes to the physicochemical properties of corn starch without destroying granule structure. The observed physicochemical changes involved the release of dextrins and glucose molecules in small amounts into the solution [29] , which coincides with the present study, in which the RS value increased from 1.4 g•L −1 to 5.9 g•L −1 after the Ramon flour suspension was heated. 
The effects of heating the flour suspension are shown in Figure 2b , in which a modification of the protein matrix enhanced starch granule release compared to that in the untreated flour (Figure 2a) , in which granules were trapped and clustered in the protein matrix. The majority of released granules maintained their structure, even though we used higher temperatures than those used by Chen et al. [28] , who reported that hydrothermal treatment at 62 • C induces changes to the physicochemical properties of corn starch without destroying granule structure. The observed physicochemical changes involved the release of dextrins and glucose molecules in small amounts into the solution [29] , which coincides with the present study, in which the RS value increased from 1.4 g·L −1 to 5.9 g·L −1 after the Ramon flour suspension was heated. Figure 2b shows that complete gelatinization was not obtained. This can be attributed to this flour being not only starch, but a mixture that includes other components, such as proteins, which could interfere negatively in the process of gelatinization. Furthermore, it might indicate that the temperature of Ramon starch gelatinization is higher than 80 • C, the temperature at which the majority of starches gelatinize [30] . This agrees with Perez Pacheco et al. [8] , who found that the gelatinization point for starch granules extracted from Ramon flour is 83.05 • C. Heat treatment followed by hydrolysis increased the RS value by 33% compared with that in untreated flour (Figure 3 could interfere negatively in the process of gelatinization. Furthermore, it might indicate that the temperature of Ramon starch gelatinization is higher than 80 °C, the temperature at which the majority of starches gelatinize [30] . This agrees with Perez Pacheco et al. [8] , who found that the gelatinization point for starch granules extracted from Ramon flour is 83.05 °C. Heat treatment followed by hydrolysis increased the RS value by 33% compared with that in untreated flour (Figure 3 ). RS concentrations obtained at the two steps (liquefaction and saccharificaction) of the enzymatic hydrolysis were higher in the thermal pretreatment (36.5 and 96.2 g•L −1 , respectively). These values are similar to those obtained by Baks et al. [31] , who reported a range of 15-30 g•L −1 after liquefaction and 40-98 g•L −1 after saccharification. These results showed that a combination of thermal pretreatment (90 °C for 30 min) with the enzyme concentrations used in this study providing adequate RS concentrations for the fermentation process.
Heating exposes more starch granules to the action of the enzymes, as described by Dhital et al. [24] , Martín and López [25] , and Pepe et al. [32] , who suggest that heating the starch in an aqueous suspension increases susceptibility to enzymatic hydrolysis. When the starch suspension is heated, water first enters the amorphous regions, specifically in the hilum, which expands and transmits a disruptive force to the crystalline regions. These changes are accompanied by the swelling of granules which, under agitated conditions, increase viscosity, leading to eventual collapse and the formation of a paste. When this occurs, α-amylase molecules progressively digest starch granules as they gelatinize [33] . In contrast, in unmodified starches, enzymatic activity is decreased by several factors, including the amylose-amylopectin ratio and interaction with protein components and lipids. Among others, Wang et al. [34] established that unmodified starch is slowly digested by enzymes due to the high molecular order of the intact granules; processes such as cooking disrupt the ordered structure, resulting in increased susceptibility to enzymatic digestion. RS concentrations obtained at the two steps (liquefaction and saccharificaction) of the enzymatic hydrolysis were higher in the thermal pretreatment (36.5 and 96.2 g·L −1 , respectively). These values are similar to those obtained by Baks et al. [31] , who reported a range of 15-30 g·L −1 after liquefaction and 40-98 g·L −1 after saccharification. These results showed that a combination of thermal pretreatment (90 • C for 30 min) with the enzyme concentrations used in this study providing adequate RS concentrations for the fermentation process.
Heating exposes more starch granules to the action of the enzymes, as described by Dhital et al. [24] , Martín and López [25] , and Pepe et al. [32] , who suggest that heating the starch in an aqueous suspension increases susceptibility to enzymatic hydrolysis. When the starch suspension is heated, water first enters the amorphous regions, specifically in the hilum, which expands and transmits a disruptive force to the crystalline regions. These changes are accompanied by the swelling of granules which, under agitated conditions, increase viscosity, leading to eventual collapse and the formation of a paste. When this occurs, α-amylase molecules progressively digest starch granules as they gelatinize [33] . In contrast, in unmodified starches, enzymatic activity is decreased by several Energies 2017, 10, 1574 6 of 10 factors, including the amylose-amylopectin ratio and interaction with protein components and lipids. Among others, Wang et al. [34] established that unmodified starch is slowly digested by enzymes due to the high molecular order of the intact granules; processes such as cooking disrupt the ordered structure, resulting in increased susceptibility to enzymatic digestion.
Fermentation
After the production of hydrolysates from pretreated flour, the maximum RS level obtained had a concentration of 77.18 g·L −1 . It was fermented using two strains of yeast: an industrial strain of S. cerevisiae (Safoeno ® ) and a strain of C. tropicalis (PL1) isolated from Ramon seeds. Both strains generated different fermentation profiles (Figure 4) . The Safoeno ® strain began rapidly consuming RS, fermenting 80.4% of the total initial sugars in the first 24 h (Figure 4a) . After 36 h, the fermentation process was stopped, because the yeast did not continue fermenting, leaving a residual 5% of RS. For the PL1 strain, the first 12 h of fermentation was slower, and at 24 h, only 60% of the RS had been consumed. However, this strain fermented 98.8% of RS after 48 h. Figure 4b shows the marked difference between the ethanol production profiles of both strains. In the first 12 h, the S. cerevisiae was more efficient than C. tropicalis, whereas between 24 and 48 h the native strain (C. tropicalis) produced more ethanol (37.76 g•L −1 ) than the commercial strain (30.9 g•L −1 ). This is associated with the ability of C. tropicalis to produce ethanol from starch through the production of glucoamylase [35, 36] , which allows dextrin degradation during the hydrolysis process, leading to a more efficient fermentation. GC analysis showed one dominant analyte peak, which was identified as ethanol ( Figure 5 ) based on the results obtained using standard solutions. The Safoeno ® strain began rapidly consuming RS, fermenting 80.4% of the total initial sugars in the first 24 h (Figure 4a) . After 36 h, the fermentation process was stopped, because the yeast did not continue fermenting, leaving a residual 5% of RS. For the PL1 strain, the first 12 h of fermentation was slower, and at 24 h, only 60% of the RS had been consumed. However, this strain fermented 98.8% of RS after 48 h. Figure 4b shows the marked difference between the ethanol production profiles of both strains. In the first 12 h, the S. cerevisiae was more efficient than C. tropicalis, whereas between 24 and 48 h the native strain (C. tropicalis) produced more ethanol (37.76 g·L −1 ) than the commercial strain (30.9 g·L −1 ). This is associated with the ability of C. tropicalis to produce ethanol from starch through the production of glucoamylase [35, 36] , which allows dextrin degradation during the hydrolysis process, leading to a more efficient fermentation. GC analysis showed one dominant analyte peak, which was identified as ethanol ( Figure 5 ) based on the results obtained using standard solutions.
As shown in Figure 5b , the commercial S. cerevisiae (Safoeno ® ) strain produced less ethanol than the native yeast strain isolated from B. alicastrum PL1 (Figure 5c ). Currently, there is a tendency to use strains isolated from spontaneous fermentations, because it is assumed that they will be better adapted to the system. The calculation of ethanol production for both strains is shown in Figure 6 . Strain PL1 (Candida tropicalis) exhibited a 31% increase in ethanol production with respect to strain Safoeno ® (S. cerevisiae) with values of 213 and 147 mL·kg −1 flour, respectively. between 24 and 48 h the native strain (C. tropicalis) produced more ethanol (37.76 g•L −1 ) than the commercial strain (30.9 g•L −1 ). This is associated with the ability of C. tropicalis to produce ethanol from starch through the production of glucoamylase [35, 36] , which allows dextrin degradation during the hydrolysis process, leading to a more efficient fermentation. GC analysis showed one dominant analyte peak, which was identified as ethanol ( Figure 5 ) based on the results obtained using standard solutions. As shown in Figure 5b , the commercial S. cerevisiae (Safoeno ® ) strain produced less ethanol than the native yeast strain isolated from B. alicastrum PL1 (Figure 5c ). Currently, there is a tendency to use strains isolated from spontaneous fermentations, because it is assumed that they will be better adapted to the system. The calculation of ethanol production for both strains is shown in Figure 6 . Strain PL1 (Candida tropicalis) exhibited a 31% increase in ethanol production with respect to strain Safoeno ® (S. cerevisiae) with values of 213 and 147 mL•kg −1 flour, respectively. With the yield obtained in this work, it is possible to produce 213 L of ethanol per ton of flour. Taking into account that B. alicastrum produces 95.5 kg of seed per tree per year [7] , in a commercial plantation of 300 trees per ha, 11.5 tons of flour could be produced. This would represent the production of 2500 L of ethanol per ha per year, which is 50% of the maximum theoretical yield of this raw material, making it attractive as an alternative source for bioethanol production.
When comparing these yields with those obtained from maize (417 L•ton −1 , 3336 L ethanol per ha [37]), which is the main source of ethanol production from starch, we see that the yield from Ramon is 25% lower than that from corn. However, one of the main advantages of Ramon starch is that, unlike corn, it does not compete with the basic diet of the Mexican population. Moreover, as Ramon is a perennial species, it contributes to carbon capture and helps to reduce the negative effects of climate change. Neither does this tree require agricultural inputs for its establishment nor management, which dampens biofuel production costs. In addition, as a dense, slow-growing timber tree, it is likely to be used in carbon dioxide capture programs (or bonds) by producers. This study demonstrates the potential of Ramon tree seeds for use in the sustainable production of bioethanol, which is a priority for Mexico, which has led to significant changes in public policies to enhance the development of renewable energies.
Conclusions
Ramon flour contains a high concentration of starch that can be converted into fermentable With the yield obtained in this work, it is possible to produce 213 L of ethanol per ton of flour. Taking into account that B. alicastrum produces 95.5 kg of seed per tree per year [7] , in a commercial plantation of 300 trees per ha, 11.5 tons of flour could be produced. This would represent the production of 2500 L of ethanol per ha per year, which is 50% of the maximum theoretical yield of this raw material, making it attractive as an alternative source for bioethanol production.
When comparing these yields with those obtained from maize (417 L·ton −1 , 3336 L ethanol per ha [37]), which is the main source of ethanol production from starch, we see that the yield from Ramon is 25% lower than that from corn. However, one of the main advantages of Ramon starch is that, unlike corn, it does not compete with the basic diet of the Mexican population. Moreover, as Ramon is a perennial species, it contributes to carbon capture and helps to reduce the negative effects of climate change. Neither does this tree require agricultural inputs for its establishment nor management, which dampens biofuel production costs. In addition, as a dense, slow-growing timber tree, it is likely to be used in carbon dioxide capture programs (or bonds) by producers. This study demonstrates the potential of Ramon tree seeds for use in the sustainable production of bioethanol, which is a priority
